Fracturing quartz produces silica-based radicals on the fracture planes and generates hydroxyl radicals (OH) in aqueous media. 'OH production has been shown to be directly associated with quartz-induced cell damage and phagocyte activation in vitro. This 'OH production in vitro is inhibited by desferrioxamine mesylate, an Fe chelator, indicating involvement of a Fenton-like reaction. Our objective was to determine if Fe contamination increased the ability of inhaled quartz to cause inflammation and lung injury. Male Fischer 344 rats were exposed 5 hr/day for 10 days to filtered air, 20 mg/m3 freshly milled quartz (57 ppm Fe), or 20 mg/m3 freshly milled quartz contaminated with Fe (430 ppm Fe). High Fe contamination of quartz produced approximately 57% more reactive species in water than quartz with low Fe contamination. Compared to inhalation of quartz with low Fe contamination, high Fe contamination of quartz resulted in increases in the following responses: leukocyte recruitment (537%), lavageable red blood cells (157%), macrophage production of oxygen radicals measured by electron spin resonance or chemiluminescence (32 or 90%, respectively), nitric oxide production by macrophages (71 %), and lipid peroxidation of lung tissue (38%). These results suggest that inhalation of freshly fractured quartz contaminated with trace levels of Fe may be more pathogenic than inhalation of quartz alone. Environ Health Perspect 105(Suppl 5): 1319-1324 (1997) 
Introduction
Occupational exposure to crystalline silica can result in the development of pulmonary fibrosis. Silicosis may develop rapidly (1-3 years) in lipoproteinosis, and diffuse fibrosis (1) . In contrast, chronic silicosis develops over a period of 20 to 40 years. It is characterized by nodular lesions containing collagen in a spiral arrangement and may progress to massive fibrosis in which restrictive lung impairment is evident (2, 3) .
Cellular injury and tissue damage are believed to be important steps in the development of silicosis (4) . This damage may result directly from the cytotoxicity of quartz or indirectly from oxidant species produced by silica-activated pulmonary phagocytes (5) . Such oxidants may indude superoxide anion (02-), hydrogen peroxide (H202), hydroxyl radical ('OH), nitric oxide (NO'), and peroxynitrite (6, 7) .
Acute silicosis is associated with the generation of freshly fractured quartz dust in occupations such as sandblasting, rock drilling, tunneling, and silica milling.
When crystalline quartz is fractured, silicon (CSi) and silicon oxyl radicals (Si-'O) respectively are formed on the fracture planes (8) . On contact with aqueous media, these surface radicals generate 'OH (9) . The Fe chelator desferrioxamine significantly reduces this 'OH production by freshly fractured quartz in water (10) . This suggests that trace contamination of quartz with ferrous Fe can enhance 'OH generation via a Fenton-like reaction as follows: 
Inhalation Exposure
The air supply to the animal chambers was rough filtered; chilled or heated to 16°C; reheated to 23°C (feedback control from the chambers); passed through a high efficiency particle filter, a charcoal bed, and a medium efficiency filter; and rehumidified with a steam humidifier. Air flow through the animal chambers was 12 air changes/hr and pressure in the chambers was held to 0.25 cm of water less than in the laboratory. The aerosol of freshly milled a-quartz was passed directly from the air jet mill via 16 and 19 mm (inside diameter) tubing "Silica concentration within the exposure chambers was determined gravimetrically from filter samples. Mean ± SD (n= 54). bMass median aerodynamic diameter was determined using a nine-stage Andersen cascade impactor ACFM particle-sizing sampler (Andersen Samplers, Atlanta, GA). Median value (geometric SD) (n=3). cTrace Fe contamination was determined by proton-induced X-ray emission spectroscopy performed by Element Analysis Corporation (Lexington, KY). Mean ± SD (n= 10). Other trace contaminants were Si with low Fe contamination:16 ppm chromium, 0.6 ppm copper, 1 (15) . NO synthase-dependent CL (counts per minute with zymosan minus counts per minute with zymosan plus L-NAME [Nw-nitro-L-arginine methyl ester]) was determined as the amount of zymosanstimulated CL that was inhibitable by 1 mM L-NAME added during the preincubation period.
Oxygen radical generation from alveolar phagocytes was measured with an electron spin resonance spectrometer using a radical spin trap. AM (5 x 105 cells/ml) obtained from the three groups of animals were incubated with 0.1 M N-tert-butyl-phenylnitrone (PBN) for 1 hr at 37°C in an oscillating water bath. Control experiments were carried out without cells and without PBN. The reaction was terminated by the addition of 5 ml chloroform:methanol (2:1) and total lipids were extracted. The chloroform was evaporated in a boiling water bath and the lipid was reconstituted in 0.5 ml chloroform and transferred to nuclear magnetic resonance quartz tubes. On the basis of a method of Vallyathan and colleagues (16) , ESR measurements of the chloroform extracts were made within 1 hr using a Varian E-109 ESR spectrophotometer (Varian Associates, Palo Alto, CA) operating at X-band (9.7 GHz) at the following spectrometer settings: receiver gain, 3.2 x 105; microwave power, 50 mW; modulation amplitude, 2 G; scan time, 100 sec; time constant, 1 sec; magnetic field, 3417± 50 G. ESR spectra were recorded and integrated for three scans as a measure of reactive oxygen species generated from phagocytes. Scaling and analysis of the spectra were made using the EPR (U.S. EPR, Clarksville, MD) DAP 2.0 program.
Measurement ofthe Lung Lipid Peroxidation
Lipid peroxidation of lung tissue from the three groups of animals was monitored by measuring thiobarbituric acid reactive substances generated during incubation of lung slices for 1 hr in a buffered medium without any other stimulation, according to the method of Hunter and co-workers (17) . Thin Bronchoalveolar lavage indicates that inhalation of quartz with high Fe contamination causes significantly more damage to the alveolar air-blood barrier than an equal exposure to quartz with low Fe contamination, as measured by the lavage yield of RBC (Figure 3) . Freshly milled silica contaminated with high Fe is also more inflammatory than milled silica with low Fe contamination, as judged by the infiltration of leukocytes (lymphocytes and granulocytes) into the airspaces of the lung (Figure 3) .
The activity of AM harvested from quartz-exposed rats was determined by monitoring: zymosan-induced chemiluminescence, NO-dependent chemiluminescence, and the production of oxygen radicals using ESR and a spintrap. Inhalation of quartz contaminated with stainless steel Fe particles, i.e., quartz with high Fe contamination, significantly increases zymosan-stimulated chemiluminescence from AM above that seen after exposure to quartz with low Fe contamination (Figure 4) . Similar Fe enhancement is observed when NO-dependent (L-NAMEinhibitable) macrophage chemiluminescence is monitored in response to zymosan ( Figure 5 ) and when measuring the generation of oxygen radicals by alveolar phagocytes (Figure 6 ).
The enhanced production of reactive species in response to inhalation of quartz with high Fe contamination compared to quartz with low Fe contamination results in a greater level of lipid peroxidation in lung tissue exposed to high Fe-contaminated quartz (Figure 7 ). This increased lung damage may explain the breakdown of the alveolar air-blood barrier suggested in Figure 3 , i.e, the increase in lavageable RBC. (19) . In vitro treatment of silica with desferrioxamine mesylate (an Fe chelator) decreases silica-induced oxidation of lung surfactant and the silica-stimulated respiratory burst of AM (20, 21) . Similarly, desferrioxamine decreases the ability of freshly fractured quartz to generate 'OH in aqueous media (10) . Such pulmonary production of 'OH has been demonstrated in quartz-exposed rats and has been associated with lung inflammation (22) . The results of the current investigation support the hypothesis (24) . Particulate Fe is also protective against quartz-induced pulmonary inflammation (neutrophil recruitment) after intratracheal instillation of carbonyl Fe plus quartz (24) . This apparent conflict is resolved by an analysis of the Fe dose required to neutralize the negative surface charge of quartz and result in significant detoxification. In solution, as much as 1 M Fe chloride is required to eliminate the negative surface charge of quartz, whereas as a particulate, Fe must be 12-fold in excess of quartz for depression of toxicity to become apparent (24) . In contrast, quartz-Fe complexes in the lung are associated with only trace levels of Fe (19) . Furthermore, the current investigation clearly demonstrates that trace contamination of quartz with Fe particles (430 ppm) enhances pulmonary inflammation and lung damage.
In this study, the reactivity of the freshly fractured quartz was associated with the level of Fe contamination. However, it must be noted that the two quartz aerosols investigated in this study really differed in their contamination by stainless steel partides. Thus, as demonstrated in Table 1 (25) . In addition, nickel (Ni2+) has been reported to generate 'OH from hydroperoxides but only in the presence of oligopeptides such as glutathione (26) .
In conclusion, the negative surface charge of crystalline quartz contributes to its unique toxicity. Gross quantities of Fe can coat the quartz surface and neutralize this surface charge to partially detoxify quartz. However, the required Fe:quartz particulate ratio of greater than 12:1 is not likely in occupational settings where silicosis is a concern. In contrast, trace contamination of quartz with Fe may occur in rock drilling or sand blasting. Such trace Fe could catalyze the generation of 'OH by freshly fractured quartz leading to increased lung damage and inflammation, as shown in this investigation.
